INTRODUCTION
============

In the clinical setting, clinicians often encounter teeth that have lost most of their structure due to trauma, caries or cavity preparation. These teeth have decreased resistance to fracture \[[@B1]--[@B2]\]. Restorative dentists try to overcome this problem by using composite resins \[[@B3]\]. Composite resins are suitable alternatives to amalgam in stress bearing areas of the posterior teeth and benefit from chemical bonding to tooth structure. By chemically bonding to the cavity walls, composite resins reinforce the remaining tooth structure and increase fracture resistance \[[@B4]--[@B5]\].

Long-term success of composite restorations depends on the resistance of different components of this complex system such as the different surfaces and interfaces against stress and deformation \[[@B6]\]. Inappropriate stress distribution in restorations can further add to the stress due to polymerization shrinkage and compromise the bond at the interface causing secondary caries, pulp inflammation and necrosis and post-operative tooth hypersensitivity \[[@B6]--[@B8]\]. It may also cause cracks and tooth fracture \[[@B9]\]. Thus, the stress concentration must be minimal at the tooth-restoration interface by an ideal design of cavities in order to prevent marginal ditching and debonding at the tooth-restoration interface and increase restoration survival. The survival of composite restorations depends on the type of restoration, number of bonded surfaces, size of the cavity and type of restored tooth \[[@B10]\]. Premolar teeth, due to their location in dental arch, are subjected to massive compressive and shear forces and have high prevalence of clinical fracture \[[@B11]--[@B12]\]. The incidence rate of fracture is higher in the maxillary compared to the mandibular premolars and is also greater in class II compared to class I cavities \[[@B13]\]. In class II cavities, strategic structures namely the marginal ridges are lost and by increasing the isthmus width, the remaining tooth structure is significantly decreased. Consequently, the tooth strength is significantly compromised and the flexibility of the cusps is considerably enhanced \[[@B14]\]. Evidence shows that different parameters in the prepared cavity including its depth and width play important roles in fracture resistance of the restored tooth and cusp fractures \[[@B1], [@B15]\]. Panitvisai and Misser (2012) showed that loss of the axial wall in a molar tooth is the most important factor decreasing cusp stiffness \[[@B8]\]. Another study demonstrated that loss of each tooth surface decreases tooth stiffness by approximately 20% \[[@B16]\]. Large mesio-occluso-distal (MOD) cavities in premolar teeth decrease the cusp stiffness by 1/3 of that in sound teeth. In MOD cavity preparation, depth of the axial wall and dentin thickness in-between the mesial and distal cavities are important criteria \[[@B17]\]. In a FEA by Khera et al, similar results were obtained regarding MOD cavities \[[@B18]\].

To reduce the risk of tooth fracture, stress distribution following the application of occlusal loads must be thoroughly evaluated based on the size and shape of the cavity particularly in extensive MOD cavities \[[@B7]\]. Due to high response rate, speed and accuracy, FEM can be widely used for quantitative assessment of biomechanical behaviors of complex structures that are susceptible to stress in different situations and under variable load applications \[[@B19], [@B20]\].

Considering the key role of premolar teeth in smile esthetics, improved characteristics of composites, high demand for tooth-colored restorations \[[@B21]\], and high clinical failure rate of these premolar restorations \[[@B11]--[@B12]\], it seems crucial to assess cavity design and stress distribution in different tooth surfaces \[[@B21]\]. Previous studies have mostly focused on the effect of increased width and depth of isthmus of prepared cavities on stress distribution in the enamel and dentin \[[@B3],[@B22]\] and number of studies on the effect of the thickness of the residual wall between the mesial and distal cavities on stress distribution at the interface is scarce. The FEM, originally used in structural analysis, has changed dental biomechanical research. FEM is a numerical method to calculate various parameters when complex structures are loaded. This method has proven its efficacy in different situations \[[@B23]--[@B27]\].

This study sought to assess the stress distribution mode at the interface in different class II cavity designs with variable thicknesses of the residual wall between the mesial and distal cavities of maxillary premolar teeth using FEM.

This study aimed to find an ideal class II cavity design with the lowest risk of fracture for maxillary premolar teeth.

MATERIALS AND METHODS
=====================

To analyze stress distribution, FEM and SolidWorks 2006 software (Dassault Systems S.A., Concord, MA, USA) were used to prepare eight 3D models of the maxillary premolar teeth with all the anatomical and morphological details. Different parts of the tooth including pulp, dentin, cementum and enamel and adjacent anatomical structures including the periodontal ligament, spongy bone and cortical bone were designed. Different models of class II cavities with different occlusal extensions were prepared in teeth in the two groups of symmetric and asymmetric models ([Table 1](#T1){ref-type="table"}, [Figures 1-a to 1-h](#F1){ref-type="fig"}).

###### 

Designed different models of class II cavities with different occlusal extensions in maxillary premolar

  **Number of model**   **Type of cavities**                 **Depth of box**   **BL ^\*^width of box**   **MD^\*\*^width of box**   **depth of occlusal cavity**   **BL width of occlusal cavity**    **MD width of occlusal cavity**
  --------------------- ------------------------------------ ------------------ ------------------------- -------------------------- ------------------------------ ---------------------------------- ---------------------------------
  **1**                 Two mesial and distal single boxes   5.2 mm^\$^         5 mm                      2 mm                       \-                             \-                                 \-
  **2**                 MO^\#^ and DO^\#\#^ cavities         5.2 mm             5 mm                      2 mm                       2 mm                           1/3 of the inter-cuspal distance   0.5 mm
  **3**                 MO and DO cavities                   5.2 mm             5 mm                      2 mm                       2 mm                           1/3 of the inter-cuspal distance   1 mm
  **4**                 MO and DO cavities                   5.2 mm             5 mm                      2 mm                       2 mm                           1/3 of the inter-cuspal distance   1.25 mm
  **5**                 a MOD^\^^ cavity                     5.2 mm             5 mm                      2 mm                       2 mm                           1/3 of the inter-cuspal distance   \-
  **6**                 distal single box and a MO cavity    5.2 mm             5 mm                      2 mm                       2 mm                           1/3 of the inter-cuspal distance   1.5 mm
  **7**                 distal single box and a MO cavity    5.2 mm             5 mm                      2 mm                       2 mm                           1/3 of the inter-cuspal distance   2 mm
  **8**                 distal single box and a MO cavity    5.2 mm             5 mm                      2 mm                       2 mm                           1/3 of the inter-cuspal distance   2.5 mm

BL: Buccolingual

MD: Mesiodistal

MO: Mesio-occlusal

DO: Disto-occlusal

MOD: mesio-occluso-distal

mm: millimeter
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Models 1 to 4 had a symmetric design, model 5 depicted a MOD cavity and models 6--8 had asymmetric design.

The box pattern and occlusal extension were in accord with the study by Lopez et al \[[@B14]\]. In their study, all models were designed with round internal and external line angles to prevent false stresses and eliminate the effect of confounders on the results. Next, all cavities were restored with composite resin. Models were then transferred to ANSYS Workbench Ver.12.1 software (ANSYS Inc., PA, USA) for calculations.

The models were meshed between 19,033 and 23,675 nodes and 9,931 to 12,654 elements ([Table 2](#T2){ref-type="table"}, [Fig 2](#F2){ref-type="fig"}.). As boundary condition, all nodes at the base of the models were restrained so that all rigid bodily motions were prevented.

###### 

Number of nodes and elements in each model

  **Models**   **Number of nodes**   **Number of elements**
  ------------ --------------------- ------------------------
  Model 1      19033                 9931
  Model 2      22984                 12268
  Model 3      23557                 12611
  Model 4      23675                 12654
  Model 5      20262                 10615
  Model 6      21528                 11408
  Model 7      19803                 10301
  Model 8      20028                 10468
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The models were then transferred to limited element program to produce limited element networks. The next step included uploading the mechanical properties of each structure and choosing the loading conditions. All the living tissues were presumed to be elastic, homogenous and isotropic. Then, the respective elastic properties namely the Young\'s modulus, and the Poisson\'s ratio were defined for different parts of the tooth, composite and the neighboring anatomical structures according to [Table 3](#T3){ref-type="table"} \[[@B28]\]. Compressive load equal to the masticatory load (200N) was applied along the long axis of the tooth to the buccal cusp tip and mesial and distal marginal ridges ([Table 3](#T3){ref-type="table"}) \[[@B28]\]. The Von Misses stress distribution was investigated in dentin and enamel.

###### 

The Young\'s modulus and the Poisson\'s ratio of the materials

  **Materials**          **Young\'s modulus (MPa)**   **Poisson\'s ratio**
  ---------------------- ---------------------------- ----------------------
  Enamel                 84100                        0.20
  Dentin                 18600                        0.31
  Pulp                   2                            0.45
  Composite resin        6700                         0.22
  Periodontal ligament   70                           0.45
  Spongy bone            1500                         0.30
  Cortical bone          15000                        0.30

RESULTS
=======

Stress concentration at the residual wall enamel margin (tooth-restoration interface) between the mesial and distal cavities:
-----------------------------------------------------------------------------------------------------------------------------

[Graph 1.a](#F3){ref-type="fig"}. shows the stress concentration at the enamel margin of the inter-axial wall in symmetric models with equal dimensions of mesial and distal cavities.

![Stress at the enamel margin in symmetric models](jod-12-140f3a){#F3}

[Graph 1.b](#F4){ref-type="fig"}. shows the stress concentration at the margin of the inter-axial wall in asymmetric models with different dimensions of mesial and distal cavities.

![Stress at the enamel margin in asymmetric models](jod-12-140f3b){#F4}

Occlusal view of stress distribution:
-------------------------------------

Figures 12 and 13 show the effect of decreasing the thickness of the residual wall between the mesial and distal cavities from 2 mm to 0.5 mm on stress distribution and the difference in stress distributed in symmetric (right) and asymmetric (left) models.

Stress concentration in MO cavities and distal boxes of asymmetric models:
--------------------------------------------------------------------------

[Graph 2.a](#F5){ref-type="fig"}. depicts stress concentration at the tooth-restoration interface in MO cavities of asymmetric models. In these models, the highest amount of stress was concentrated at the enamel margin followed by an area close to the deepest point of the mesial wall at the dentino-enamel junction (DEJ). The amount of stress decreased by entering into dentin and followed a constant trend. [Graph 2.b](#F6){ref-type="fig"}. shows the mentioned stresses at the tooth-restoration interface in distal boxes of asymmetric models.
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Stress concentration in the MO cavity at the tooth-restoration interface in symmetric models:
---------------------------------------------------------------------------------------------

[Graph 3](#F7){ref-type="fig"}. illustrates the mentioned stresses in mesial and distal cavities of symmetric models of equal dimensions. The stress peak in symmetric models was at the margin followed by the deepest point of the mesial wall. In model 1, due to the lack of occlusal extension of boxes, a different pattern was observed compared to other models.

![Stress at the mesial and axial wall in symmetric models](jod-12-140f5){#F7}

DISCUSSION
==========

Considering the importance of interproximal caries in posterior teeth, controversy exists regarding the cavity design, appropriate stress distribution and preservation of tooth structure particularly in maxillary premolars \[[@B10]--[@B11], [@B29]\]. To assess the effect of residual wall thickness between the mesial and distal cavities on stress distribution in enamel and dentin, 8 models of class II cavities were designed in symmetric and asymmetric groups.

The study results showed that by occlusal extension of the cavities, the amount of stress at the interface increased. Chang et al. in an FEM study in 2004 evaluated the effect of cavity dimensions on stresses at the tooth-restoration interface. They found that when the tooth structure was significantly lost, the tooth was weakened and the composite resin had greater capability to deform the cavity walls. By increasing the cavity dimensions, the stress at the interface did not increase \[[@B3]\]. In their study, the polymerization shrinkage of the composite resin was studied as the only factor causing stress and no masticatory forces (in contrast to our study) were applied to teeth. Also, they only included dentin in their designed models and enamel was disregarded \[[@B3]\]; while, enamel has the highest modulus of elasticity, hardness and strength. Enamel can resist masticatory forces and thus stress may be concentrated within its structure \[[@B30]\]. However, in our study, all tooth structures and the surrounding tissues were designed and a load equal to the masticatory forces was applied to models. Thus, different results were obtained in our study and by increasing the cavity dimensions, concentration of stress at the interface increased.

In our study, in addition to MOD cavity, MO and DO cavities were designed; whereas, in similar FEM studies by Line et al (2001) and Khera et al. (1991) only MOD cavities were evaluated and only the wall in between the mesial and distal boxes was considered as the inter-axial wall and by extending the two boxes, the thickness of this wall approximated zero \[[@B18], [@B22]\]. Line et al. concluded that cavity depth was the most critical factor for the control of stress in enamel and the thickness of the inter-axial dentin was the most important factor for control of stress distribution in dentin. The width of the cavity played a minimal role in this respect \[[@B22]\]. Khera et al. found similar results and reported that cavity depth was the most critical factor in tooth and cusp fracture. The isthmus width was the least important factor when the cavity was shallow. The thickness of inter-axial dentinal wall in MOD cavities played a critical role in prevention of cusp fracture \[[@B18]\]. However, the drawback of designing cavities in the mentioned two studies was that in the clinical setting, by extending the two boxes and thinning the wall in between them, pulp will become exposed, the tooth structure will be weakened and cusp reduction may be required \[[@B31]\]. Therefore, this preparation is not feasible in vital teeth.

Our study ([Graphs 2.a](#F5){ref-type="fig"}, [2.b](#F6){ref-type="fig"}.) revealed that in asymmetric models even in presence of an inter-axial wall thicker than 0.5mm between the mesial and distal cavities, stress concentration in this wall was greater than that in similar symmetric models; because in addition to the residual wall thickness between the mesial and distal cavities, the location of this wall relative to the tooth center may also affect stress distribution in the enamel and compromise fracture resistance. We evaluated stress distribution in the enamel margin of the residual wall between the mesial and distal cavities (Graphs [1.a](#F3){ref-type="fig"}, [1.b](#F4){ref-type="fig"}) and found that by increasing the mesio-distal width of the cavity and decreasing the thickness of the residual wall, enamel margin stresses significantly increased in both symmetric and asymmetric groups. This increase was steeper in symmetric compared to asymmetric models. However, the amount of these stresses in the asymmetric group was significantly greater than in the symmetric group. This finding may be attributed to the increased cavity dimensions in the mesial surface of asymmetric models and greater weakening of tooth in this area. However, in the symmetric models, due to the symmetry in cavity dimensions, stresses were equally distributed between the two walls in between the mesial and distal cavities. Marginal stresses in the distal single boxes in asymmetric models increased with a mild gradient; which is due to the fixed dimensions in asymmetric models.

In our study, the highest amount of stress concentration was in the enamel margin of the axial wall and distal wall in MO cavities in symmetric and asymmetric models because as discussed earlier, enamel due to its resistant structure resists masticatory forces causing stress concentration within its structure \[[@B30]\]. By increasing the cavity dimensions and decreasing the thickness of the residual wall the amount of concentrated stress increased. After enamel ([Graphs 2.a](#F5){ref-type="fig"}, [2.b](#F6){ref-type="fig"}.), the second area bearing high amounts of stress and resisting stress distribution was the DEJ. The reason is that the DEJ is the interface of two tissues with different mechanical properties. On the other hand, by decreasing the thickness of the residual wall between cavities and its weakening by approximating to disto-pulpal line angle in the mesial cavity, stress distribution in the distal wall increased making the wall susceptible to fracture. DEJ is a resistant barrier against crack propagation because it undergoes plastic deformity \[[@B30]\].

When natural teeth are subjected to occlusal loads, the load is distributed from enamel to the underlying dentin. Dentin is viscoelastic and flexible and therefore has high potential for absorption and distribution of loads without concentrating them. Consequently, due to its special structure, dentin protects the tooth. This explains why loss of significant amounts of enamel is not as important as losing the same amount of dentin. It is crucial to preserve dentin in tooth restorations in order for the restored tooth to undergo deformation similar to a natural tooth \[[@B32]\]. In this study, in both symmetric and asymmetric models, increasing the mesio-distal width of the occlusal cavity did not cause significant changes in stress distribution in dentin ([Graphs 2.a](#F5){ref-type="fig"}, [2.b](#F6){ref-type="fig"}.). After passing through the enamel into dentin, the stress is first decreased and then increased by increasing the depth and approximation to the gingival floor. This pattern was almost similar in all models. This increased stress may be due to the approximation to axiogingival line angle and bearing stress in these areas. In a study by Line et al, by losing the tooth structure stress distribution in the enamel increased but no correlation was found between stress distribution in dentin and size of the cavity \[[@B22]\]. In this study, by decreasing the thickness of the residual tissue between the mesial and distal cavities and its deviation from the tooth center, stress in the enamel increased but no increase in stress distribution in dentin was observed.

In single boxes (in model one or asymmetric models) a different pattern of stress distribution was seen from that in MO cavities due to the absence of occlusal step in these single boxes. In all these boxes, enamel had the highest amount of stress and by moving towards the box floor, stress in dentin increased. In this study, due to the fixed dimensions of single boxes in different models, no change occurred in the amount of stress between them. Comparison of stress distribution in model 5 (MOD cavity) with that in other models (either symmetric or asymmetric) revealed high stress deep inside the buccal and palatal cusps; which was greater than that in other models. This finding may be attributed to the removal of the wall between the two cavities and loss of cusp support. The results of this study recommended that in vital maxillary premolars with involved proximal surfaces, symmetric cavities in mesial and distal surfaces are more suitable than asymmetric ones. It is based on the fact that the amount of stress is not increased in the remaining dentinal wall in teeth with symmetric cavities. The other point to suggest is to avoid connecting mesial and distal cavities to prevent losing the cusp support and avoid subsequent failures. This study was conducted in vital teeth with medium-size restorations. It appears that susceptibility to fracture may be even greater in endodontically treated teeth or those with large restorations \[[@B33]\]. Also, this was a FEM study and in the clinical setting, many factors such as the presence of water, chemical agents, pH alterations and thermal changes may affect the results. Based on the obtained results, future studies are recommended to assess other biomechanical behaviors such as cuspal flexure in asymmetrically designed class II cavities.

CONCLUSION
==========

Within the limitations of this study, it was concluded that by increasing the mesiodistal width of class II cavities and decreasing the thickness of the wall in-between mesial and distal cavities, the amount of stress concentrated in enamel increased; while, no stress concentration occurred in dentin. Moreover, deviation of the residual wall in between the mesial and distal cavities from the tooth center increased the concentration of stress in this wall.
